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Hyperactivated motility, a swimming pattern of mammalian sperm in the oviduct, is essential for fertilization in vivo. It
is characterized by high-amplitude flagellar waves and, usually, highly asymmetrical flagellar beating. It had been suggested,
but not tested, that Ca2 and cAMP switch on hyperactivation by directly affecting the flagellar axoneme. In this study, the
direct affects of these agents on the axoneme were tested by using detergent-demembranated bull sperm. As confirmed by
TEM, treatment of sperm with 0.2% Triton X-100 disrupted the plasma, acrosomal, and inner mitochondrial membranes,
leaving axonemes intact. In the presence of 2 mM ATP, the percentage of reactivated sperm that were hyperactivated
increased to 80% when free Ca2 was increased from 50 to 400 nM. The effect of the Ca2 in this range was to increase beat
asymmetry by increasing the curvature of the principal bend. No additional increases were observed above 400 nM free Ca2,
but motility was suppressed at 1 mM. The ability of Ca2 to produce hyperactivation depended on ATP availability, such
that more ATP was required to produce the high amplitude flagellar bends characteristic of hyperactivated motility than to
produce activated motility. Cyclic AMP was not required for reactivation, nor for hyperactivation. Production of
hyperactivated motility also required an alkaline environment (pH 7.9–8.5). These results suggest that, provided sufficient
ATP is present and pH is sufficiently alkaline, Ca2 switches on hyperactivation by enabling curvature of the principal bends
to increase. © 2002 Elsevier Science (USA)INTRODUCTION
Hyperactivated motility in mammalian sperm is charac-
terized by the development of high-amplitude flagellar
waves. In most species, these waves develop on only one
side of the tail, producing asymmetrical flagellar beating
and circular or figure-of-eight swimming trajectories (Fig. 1)
(Yanagimachi, 1994). Most sperm recovered from the site of
fertilization are hyperactivated (Katz and Yanagimachi,
1980; Suarez and Osman, 1987). This is in contrast to
activated motility, the movement pattern of sperm in
semen, which is characterized by symmetrical, moderate-
amplitude flagellar beats producing linear trajectories.
There is strong evidence that hyperactivated motility is
highly advantageous in vivo for getting sperm to the site of
fertilization and penetrating the cumulus matrix and zona
pellucida (Suarez et al., 1991; DeMott and Suarez, 1992;
Suarez and Dai, 1992; Stauss et al., 1995). Furthermore, a
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208close correlation has been observed between the ability of
sperm to display hyperactivated motility and their ability to
fertilize oocytes in vitro (Fraser and Quinn 1981; Boatman
and Robbins, 1991).
Despite the importance of hyperactivation to fertiliza-
tion, little is known of the biochemical pathways regulating
its expression. There is evidence that Ca2 and cAMP are
involved in signaling the onset of hyperactivation. Ca2 has
been demonstrated to increase asymmetry of flagellar beat-
ing in demembranated invertebrate sperm (Brokaw, 1991)
and to increase the flagellar curvature of demembranated
rat sperm (Lindemann and Goltz, 1988). Increased intracel-
lular Ca2 has been detected in hyperactivated hamster and
bull sperm (Suarez et al., 1993; Ho and Suarez, 2001). Rises
in intracellular cAMP, along with pH increases, have been
correlated with onset of hyperactivated motility during
capacitation of sperm in vitro (White and Aitken, 1989;
Yanagimachi, 1994). Treatment with membrane permeant
analogues of cAMP or phosphodiesterase inhibitors has
been found to enhance hyperactivated motility in hamster
(White and Aitken, 1989), human (Calogero et al., 1998),
and primate sperm (Yeung et al., 1999). Nevertheless, it has
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not been demonstrated that both Ca2 and cAMP act
directly upon the axoneme to switch on hyperactivation.
Dynein ATPase produces sliding between the microtu-
bule doublets on alternating sides of the axoneme. The
sliding is converted to bending via the anchoring of the
doublets by unidentified axonemal proteins (Witman,
1990). Whereas ATP is required to produce flagellar bend-
ing, it is not clear whether increased ATP is required for
hyperactivation. Although the curvature of the bend in-
creases during hyperactivation, the bending pattern usually
switches from symmetrical to asymmetrical; therefore, net
consumption of ATP might not increase. Furthermore, the
axonemes of mammalian sperm, unlike those of sea urchins
and other marine invertebrates with external fertilization,
are surrounded by outer dense fibers and the fibrous sheath.
These additional structures are thought to stiffen the fla-
gellum and modify the shape of the flagellar curve as it
propagates distally (Witman, 1990; Lindemann and Kanous,
1997). Thus, an increased requirement for ATP during
hyperactivation is not self-evident and, furthermore, has
not been demonstrated.
Detergent-demembranated sperm models have been used
extensively to investigate mechanisms directly involved in
regulating axonemal bending patterns (Brokaw et al., 1974;
Lindemann, 1978; Ishijima and Witman, 1987; Lindemann
and Goltz, 1988; San Agustin and Witman, 1993; Williams
and Ford, 2001). The advantage of using a demembranated
sperm model is that ions and substrates have free access to
the axoneme and their effects on axonemal movement can
be examined directly. Therefore, a demembranated sperm
model was used to test the following hypotheses: (1) both
Ca2 and cAMP act directly on the axoneme to switch on




A modified Tyrode’s balanced salt solution (TALP; consisting of
99 mM NaCl, 3.1 mM KCl, 25 mM NaHCO3, 0.4 mM NaH2PO4,
1.1 mM MgCl2, 2 mM CaCl2, 10 mM Hepes, 1 mM pyruvate, 25.4
mM lactate, 50 g/ml gentamicin, and 6 mg/ml Fraction V BSA, pH
7.45, 290–300 mOsm/kg), sterilized through a 0.22-m Nalgene
cellulose acetate filter (Nalge Co., Rochester, NY), was used for
washing and incubating sperm. TALP was equilibrated in a humidi-
fied atmosphere at 39°C containing 5% CO2 before use.
Chemicals were purchased from Sigma-Aldrich Co. (St. Louis,
MO) with the exception of those noted here. BSA and Hepes were
from Calbiochem Corporation (La Jolla, CA). Glutaraldehyde, os-
mium tetroxide (OsO4), sodium cacodylate, uranyl acetate, lead
citrate, and LR White embedding medium were from Electron
Microscopy Sciences (Fort Washington, PA).
Sperm Preparation
Frozen semen, pooled from three fertile Holstein bulls and
supplied by Genex Cooperative, Inc. (Ithaca, NY), was used for the
FIG. 1. Tracings of activated (A, B) and hyperactivated (C–F)
swimming patterns of reactivated, demembranated sperm (A, C, E)
and intact sperm (B, D, F). A sperm head that flipped (turned
quickly on its longitudinal axis) during swimming is depicted as
gray (E). Successive positions of the head/midpiece junctions at
1/30-s intervals are indicated by lines to show sperm trajectories in
a 1-s period.
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demembranation model. The samples had been diluted in an egg
yolk-citrate extender (Garcia and Graham, 1987), loaded into
0.5-ml artificial insemination straws at a concentration of 20 106
sperm per straw, frozen in liquid nitrogen (LN2) vapor, and held in
LN2 until use.
For each treatment, four straws of frozen semen were thawed by
immersion in a water bath at 37°C for 30 s. Motile sperm were
selected by a swim-up procedure, in which each 250-l aliquot of
thawed semen was layered under 1 ml of TALP in a 1.8-ml
microfuge tube. After incubation for 1 h at 39°C (bovine body
temperature), 800 l of medium containing vigorously motile
sperm were removed from the top of each tube and pooled. The
sperm were washed by centrifuging at 170g for 10 min. All but 100
l of the medium overlying the sperm pellet was removed and the
pellet was resuspended in 5 ml of Ca2-free TALP (without added
Ca2 or chelators), then centrifuged at 170g for 10 min. Extracellu-
lar Ca2 was calculated to be about 40 M in the second sperm
pellet, which was recovered in 200 l medium. More than 90% of
the sperm were motile.
Demembranation and Reactivation of Bull Sperm
Demembranation and reactivation were performed at room
temperature as described by Ishijima and Witman (1991) with some
modifications. To remove the plasma membrane, a 20-l aliquot of
the washed sperm was added to 480 l of extraction solution [0.2%
Triton X-100, 0.2 M sucrose, 1 mM dithiothreitol (DTT), 25 mM
potassium glutamate, and 40 mM Hepes, pH 7.9] in a well of a
24-well tissue culture plate at room temperature. The suspension
was stirred gently for 30 s, and 20 l of the mixture was transferred
to 480 l of reactivation solution in another well. The reactivation
solution consisted of 0.2 M sucrose, 1 mM DTT, 25 mM potassium
glutamate, 40 mM Hepes, 2 mM MgSO4, 0.5 mM 1,2-bis(2-
aminophenoxy)ethane-N,N,N,N-tetraacetic acid (BAPTA) with
desired amounts of ATP (disodium salt), CaCl2, and cAMP noted
below, pH 7.9. Final concentrations of free Ca2 were determined in
all solutions by using MaxChelator (Bers et al., 1994) to estimate
amounts of free Ca2, taking into account temperature, pH, and
concentrations of ions present in the solution.
To examine reactivated sperm, 150 l of sperm suspension from
the reactivation well were transferred to a 0.7-mm-deep compart-
ment of a 24-well tissue culture plate cover, which had been coated
with 0.4% agarose to prevent sperm from sticking. Compartments
were coverslipped and transferred to a 39°C stage on a Zeiss
Axiovert microscope (Carl Zeiss Inc., Thornbrook, NY). Sperm
were videotaped by using phase-contrast optics at 320 combined
with stroboscopic illumination at 30 Hz. Elapsed time in 0.01 s was
superimposed on the recorded image by using a videotimer (Model
VTG33; For-A Co., Ltd., Newton, MA). A black-and-white video
camera (model CCD72, Dage-MTI, Inc., Michigan City, IN) was
used with a Panasonic AG-7300 Super VHS videocassette recorder
(Panasonic Industrial Co., Secaucus, NJ).
Flagellar Curvature Ratio (FCR), Beat Frequency,
and Velocity Measurements
Video images of moving sperm were digitized (Scion CG-7 board)
and analyzed by using Scion Image (Scion Corporation, Frederick,
MD), which is modified from NIH Image (National Institutes of
Health, Bethesda, MD). FCRs were measured on the digitized
images in which sperm had reached the peak of the greatest bend.
FCR is defined as the straight-line distance from the head/midpiece
junction to the first inflection point along the flagellum, divided by
the curvilinear distance between those two points measured along
the flagellum (Suarez and Dai, 1995; Fig. 2). This measure was
found to be more precise (repeatable) than flagellar wave amplitude,
especially in hyperactivated sperm, because the waves of mamma-
lian sperm flagella are not symmetrical and do not maintain a
constant amplitude and wavelength during propagation, as do sea
urchin sperm.
Flagellar beat frequency was measured by determining the time
taken to complete 10 beat cycles, each consisting of principal and
reverse bends, and dividing by the beat period. For each treatment
within a replicate, 10 free-swimming sperm were analyzed for FCR
and frequency by playing back the recorded videotape. Analyzers
were not aware of treatment groups while taking measurements.
Curvilinear velocity was determined by measuring the distance
covered from each video frame to the next (at a video rate of 30 Hz)
by the base of the flagellum at the head/midpiece junction over a
total period of 1 s. This standard measure of mammalian sperm
velocity (Mortimer and Swan, 1995) is indicative of both forward
movement and the side-to-side movement produced by the genera-
tion of flagellar bends.
Statistical Analysis
Experiments were repeated three times. All results are expressed
as means  SEM. Data were analyzed by using Minitab statistical
software (Minitab Inc., State College, PA). One-way analysis of
variance (ANOVA) was used to test for statistically significant
differences among the means of percent sperm reactivated. Dose-
response relationships were tested by linear regression, with P 
0.05 considered significant.
Transmission Electron Microscopy
Sperm were prepared as described above except that, as a control,
some sperm were added to extraction solution without 0.2% Triton
FIG. 2. Flagellar curvature ratio (FCR) is defined as the straight-
line distance from the head/midpiece junction to the first inflec-
tion point in the flagellar bend (dashed line), divided by the
curvilinear distance between the two points measured along the
flagellum. (A) An activated sperm with an FCR of 0.84. (B) A
hyperactivated sperm with an FCR of 0.48. (C) A hyperactivated
sperm with an FCR of 0.23.
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X-100. Sperm from 20 reactivation wells were pooled together (10
ml) and centrifuged at 4000g for 2 min to obtain a pellet. The pellet
was fixed in 2.5% glutaraldehyde in 0.1 M cacodylate buffer (pH
7.4) and processed as a tissue block, postfixed with 1% OsO4, and
dehydrated through a graded series of ethanol solutions. Sperm
pellets were embedded in LR White embedding medium. Thin
sections (80 nm) were cut on a Reichert ultramicrotome and
stained with uranyl acetate and lead citrate. All specimens were
examined in a Philips 201 transmission electron microscope at
80 kV.
RESULTS
Bull sperm treated with Triton X-100 for 30 s were
immotile until transferred to reactivation solution. Trans-
mission electron microscopy of detergent-treated sperm
showed significant disruption of their membranous struc-
tures. Plasma membranes in most sperm were gone or
fenestrated (Fig. 3). Both inner and outer acrosomal mem-
branes were ruptured and the acrosomal content was lost
(Figs. 3A and 3B). Inner mitochondrial membranes were
destroyed and the mitochondrial matrix was lost, leaving
the resistant outer mitochondrial membranes in place (Figs.
3C–3F). The structures of the axonemes, the outer dense
fibers, and the fibrous sheaths, however, were intact after
Triton X-100 treatment (Figs. 3C–3H).
In the presence of sufficient ATP and at bovine body
temperature (39°C), the reactivated, free-swimming bull
sperm exhibited beat frequencies and waveforms closely
resembling those of the intact sperm (Fig. 1). Under specific
conditions described below, reactivated, demembranated
sperm showed symmetrical flagellar beating and swimming
patterns identical to those of intact activated bull sperm
(i.e., sperm in semen or freshly recovered from semen into
culture medium) (Figs. 1A and 1B). Under other specific
conditions, reactivated, demembranated sperm displayed
swimming patterns identical to those of intact, hyperacti-
vated sperm; that is, high amplitude, asymmetrical flagellar
beating that resulted in either circular (Figs. 1C and 1D) or
“figure-of-eight” (Figs. 1E and 1F) swimming trajectories.
Occasionally, hyperactivated intact or reactivated sperm
flipped (turned quickly on their longitudinal axis) (Fig. 1E),
giving the illusion that flagella were beating symmetrically.
The proposed role of Ca2 in switching on hyperactiva-
tion was tested by using reactivation solutions supple-
mented with 2 mM ATP and 20 M cAMP, 0.5 mM BAPTA
as the Ca2 buffer, and varying amounts of CaCl2 (Table 1).
The reactivation solutions were designed so that the con-
centrations of free ATP4, MgATP2 complex, and free Mg2
remained virtually unchanged while free Ca2 increased.
Sperm exhibiting high amplitude, asymmetrical flagellar
bending, with circular or “figure-of-eight” trajectories were
categorized as hyperactivated, as shown in Figs. 1C–1F. The
percentage of sperm that exhibited hyperactivation in-
creased in a dose-dependent manner, reaching a plateau at
80% when Ca2 reached 400 nM (Fig. 4A). To determine the
effect of Ca2 on flagellar bending quantitatively, FCRs of
principal and reverse bends were determined and plotted
against free Ca2 concentrations (Fig. 4B). The FCRs of
principal bends decreased significantly (became more
sharply curved) with increased Ca2 concentrations (P 
0.001); however, the FCRs of reverse bends were not
FIG. 3. Transmission electron micrographs of sperm heads (A, B),
midpieces (longitudinal sections, C, D; cross-sections, E, F), and
principal pieces (G, H) in control (A, C, E, G) and Triton X-100-
treated bull sperm (B, D, F, H). Plasma membranes are indicated by
arrowheads. Triton X-100 treatment caused significant disruption
of plasma membranes: almost no plasma membranes or only
remnants (arrows) were seen. Both inner and outer acrosomal
membranes were ruptured and the acrosomal content (*) was lost
(A, B). Mitochondria along the midpiece looked empty because the
inner mitochondrial membranes were destroyed and the mitochon-
drial matrix was lost, leaving the resistant outer mitochondrial
membranes in place (C–F). The axonemes, outer dense fibers (❖),
and fibrous sheaths (FS), however, remained intact after Triton
X-100 treatment. M, mitochondrion; N, nucleus. Scale bar, 0.3 m
in (A–D) 0.13 m in (E–G) and 0.2 m in (H).
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changed (P  0.05). This resulted in increased asymmetri-
cal bending. The percentage of sperm that reactivated in the
various treatments ranged from 80  4.7% to 73  4.7%
and was unaffected by Ca2 (Fig. 4, inset).
Because Ca2 at high micromolar ranges has been shown
to further increase flagellar curvature (Lindemann and
Goltz, 1988), the effect of higher Ca2 concentrations (10
M to 1 mM) on reactivation was tested. No differences in
percentages of reactivated motility and hyperactivation
were detected when sperm were reactivated with 10 or 100
M Ca2 (Table 2), and additional increases in curvature
were not observed. However, the percentage of sperm that
reactivated dropped sharply at 1 mM Ca2 and few were
hyperactivated (Table 2), while many flagella were arrested
in a curved position (Fig. 5).
The proposed role of cAMP in switching on hyperactiva-
tion was tested by using reactivation solution containing 1
M Ca2 and 2 mM ATP to make sure maximal hyperacti-
vation could be observed. Most sperm exhibited high am-
plitude, asymmetrical beating, similar to that of mem-
brane-intact hyperactivated sperm. Neither FCR nor flagel-
lar beat frequency was dependent on cAMP concentration
(Fig. 6; FCR: P  0.937; frequency: P  0.436); in fact,
cAMP was not required for reactivation at all. The percent-
age of sperm that reactivated was not different between
treatments with (5–30 M) or without cAMP (Fig. 6, inset).
The requirement of hyperactivation for ATP was deter-
mined by using reactivation solutions with 1 M Ca2 and
20 M cAMP. The Ca2 concentration was chosen at 1 M
to make sure that the maximum percentage of hyperacti-
vation could be observed. Most reactivated sperm exhibited
asymmetrical flagellar bending with circular or “figure-of-
eight” swimming trajectories; however, only sperm treated
with 2 mM ATP showed the high amplitude bends
characteristic of hyperactivation (Fig. 7). The FCR of prin-
cipal bends was significantly dependent on ATP concentra-
tion from 0.5 to 3 mM (Fig. 8A, P  0.001), such that sperm
reactivated with higher ATP showed lower FCR (deeper
bends) than those reactivated with lower ATP (Fig. 7).
Flagellar beat frequency decreased as ATP concentration
increased (Fig. 8B, P  0.005); however, the curvilinear
velocity increased (Fig. 8C, P  0.005), indicating that
TABLE 1
Concentrations of Critical Ions in Reactivation Solutions, Calculated for 39°C
Salts added (M) Calculated concentrations of free ions (M)
CaCl2 BAPTA Na2ATP MgSO4 Ca2 Mg2 SO42 ATP4 MgATP2
140 500 2000 2000 0.05 332 1987 347.9 1653
218 500 2000 2000 0.1 333 1987 347.5 1654
303 500 2000 2000 0.2 333 1987 347.0 1654
349 500 2000 2000 0.3 333 1987 346.7 1654
378 500 2000 2000 0.4 334 1987 346.4 1654
446 500 2000 2000 1.0 335 1987 345.3 1654
FIG. 4. Effect of Ca2 on sperm motility. Demembranated bull
sperm were reactivated in 2 mM ATP and 20 M cAMP with
various amounts of free Ca2. (A) Sperm were categorized by their
swimming patterns: sperm exhibiting patterns shown in Figs.
1C–1F, were counted as hyperactivated. The percentage of hyper-
activated sperm increased as free Ca2 concentration increased, and
reached a plateau at 400 nM. (Inset) Percent of sperm that reacti-
vated. Reactivation was not dependent on Ca2. (B) Principal bend
(gray sperm shown in inset) and reverse bend (black sperm shown
in inset) were used to determine which direction showed the
greatest curvature (Lindemann et al., 1995). The FCRs of principal
bends (F) decreased significantly as Ca2 increased (P  0.001);
however, the FCRs of reverse bends (Œ) were independent of Ca2
(P  0.05).
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microtubule sliding increased. The percentage of sperm
that reactivated did not vary from 0.5 to 3 mM ATP;
however, no sperm reactivated in the absence of ATP (Fig.
8, inset). When Ca2 was lowered to 50 nM in the reactiva-
tion solution, flagella beat symmetrically and FCR was still
inversely dependent on ATP concentration, but the magni-
tude of the effect was considerably reduced (Fig. 8D, P 
0.001).
It was determined that, as ATP concentration was in-
creased from 0.5 to 3 mM in the reactivation solutions, free
Mg2 increased from 0.17 to 0.47 mM because the ATP and
MgSO4 were added in a 1:1 molar ratio. Free Mg2 had been
found to increase flagellar bend angle and decrease beat
frequency in demembranated, reactivated sea urchin sperm
(Okuno and Brokaw, 1979). To ensure that the effect we
observed on FCR and frequency was due to ATP and not
Mg2, reactivation solutions were redesigned so that the
concentration of free Mg2 remained unchanged (0.4 mM)
while ATP and MgATP2 complex was increased. Demem-
branated sperm reactivated in solutions with constant free
Mg2, but increasing ATP, still showed decreased FCR and
frequency when ATP was increased (Figs. 8A and 8B);
therefore, it was concluded that the effect on FCR was due
to ATP.
To be certain that conditions were optimal for hyperac-
tivation in all experiments, a range of pH was tested for
reactivation solutions, which contained 1 M Ca2, 2 mM
ATP, and 20 M cAMP. Sperm were reactivated to beat
normally when pH ranged from 7.0 to 8.5. Sperm could be
reactivated at pH 9.0–10.0, but motility was poor and sperm
were sluggish and merely twitched instead of beating (Fig.
9A). FCR analyzed from motile sperm (pH 7.0–8.5) de-
pended significantly on pH. Deep asymmetrical flagellar
bends were observed when sperm were reactivated in more
alkaline reactivation solutions (pH 7.9–8.5), while shallow
asymmetrical bends were found when sperm were reacti-
vated in solutions with pH 7.0–7.5 (Fig. 9B, P  0.001). No
TABLE 2
Effect of High Ca2 Concentrations on Demembranated
Sperm Motility
Ca2 (M) Reactivation (%) Hyperactivation (%)
10 79.7  4.8 72.3  5.4
100 78.0  6.7 70.0  4.3
1000 48.3  2.9a 13.7  1.3a
a P  0.05 compared with means on the same column. n  3.
FIG. 5. Tracing of demembranated sperm reactivated with 1 mM
Ca2 that were arrested in a curved position.
FIG. 6. Effect of cAMP on sperm motility. Sperm were reactivated
in 1 M Ca2 and 2 mM ATP with various amounts of cAMP. (A)
FCR was independent of cAMP concentrations (P  0.937). (B)
Beat frequency was independent of cAMP concentrations (P 
0.436). (Inset) Percent of sperm that reactivated. Cyclic AMP was
not required for reactivation; no difference was detected between
treatments with or without cAMP.
FIG. 7. Tracings of demembranated sperm reactivated with (A)
high ATP (2 mM) and (B) low ATP (1 mM) in the presence of 1 M
Ca2. Sperm reactivated with 2 mM ATP showed a hyperactivated
swimming pattern. However, sperm reactivated with 1 mM ATP
showed a swimming pattern that is not typically found in intact
sperm. Successive positions of the head/midpiece junctions at
1/30-s intervals are indicated by lines to show sperm trajectories in
a 1-s period.
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simple linear dependency was detected between flagellar
beat frequency and pH (Fig. 9C, P  0.925).
In most experiments, 20 M cAMP was included in the
reactivation solution to keep experimental conditions con-
sistent. However, when cAMP was found to be unnecessary
for reactivation and hyperactivation, experiments were re-
peated without addition of cAMP and the results were
unchanged (data not shown).
DISCUSSION
These experiments have demonstrated that Ca2, and not
cAMP, acts at the axoneme to switch on hyperactivation.
Furthermore, Ca2 produces the bend asymmetry character-
istic of hyperactivation by enabling the curvature of the
principal bend to increase, rather than by dampening the
reverse bend.
Flagellar and ciliary bending patterns are known to
change in response to an increase in the intracellular Ca2
concentration. In sea urchin sperm, the degree of asymme-
try of reactivated flagellar bending waves was regulated by
Ca2, with increased Ca2 (100 nM to 10 M) inducing
higher degrees of asymmetry (Brokaw et al., 1974; Brokaw,
1979, 1991); while a higher concentration of Ca2 (	100
M) arrested the flagellum in a cane-shaped position, with
the hook proximal to the head (Gibbons and Gibbons,
1980). In rat sperm, the radius of flagellar curvature was
found to be a continuous function of the free Ca2 concen-
tration from 100 nM to 100 M; however, the authors were
principally examining 10-fold increases in Ca2 (Lindemann
and Goltz, 1988). We tested Ca2 concentrations within the
range detected in membrane-intact sperm, and the free Ca2
concentrations that induced hyperactivated patterns in de-
membranated bull sperm were similar to those previously
detected in intact hyperactivated hamster sperm (Suarez et
al., 1993; Suarez and Dai, 1995). In the present study,
increasing Ca2 to 400 nM increased the percentage of
sperm exhibiting asymmetrical flagellar beating. Examina-
tion of the FCR of both principal and reverse bends revealed
that the increased asymmetry resulted from an increase in
amplitude of the principal bend, while the reverse bend
remained unchanged. Thus, the role of Ca2 in the regula-
tion of hyperactivated motility is to initiate asymmetrical
bending by somehow increasing bending or enabling in-
creased bending to occur on one side of the tail. The
enhancing effect of Ca2 on flagellar curvature could also
explain why hyperactivation is not always symmetrical inFIG. 8. Effect of ATP on sperm hyperactivated motility. Sperm
were reactivated in 1 M Ca2 and 20 M cAMP with various
amounts of ATP. (A) FCR significantly depended on ATP concen-
tration (P  0.001). FCR decreased (equivalent to increased
flagellar bend amplitude) when ATP increased. Reactivated solu-
tions contained increasing free Mg2 (F) or constant Mg2 (E) while
ATP increased. (B) Beat frequency also depended inversely on ATP
concentration (P  0.005). Reactivation solutions contained in-
creasing free Mg2 (Œ) or constant Mg2 (‚) when ATP was
increased. (Inset) Percent of sperm that reactivated. ATP was
required for reactivation (P  0.005); however, no difference was
detected among treatments reactivated with ATP from 0.5 to 3
mM. (C) Curvilinear velocity increased when ATP was increased in
the reactivation solutions (P  0.005). (D) Sperm reactivated in 50
nM Ca2 and 20 M cAMP beat symmetrically but showed
significant inverse dependence of FCR on ATP concentration (P 
0.001).
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all species (Yanagimachi et al., 1983; Ishijima et al., 2002).
Under certain conditions in some species when symmetri-
cal deep flagellar bends are observed, Ca2 could enable both
sides of the flagellum to increase bending. The role of Ca2
in producing asymetrical bending of the axoneme appears to
be enabling. That is, increased Ca2 allowed sharper bends
to be produced when sufficient ATP was available.
The effect of very high Ca2 concentrations, used by
others to study Ca2-induced flagellar asymmetry, was also
tested in this study. Free Ca2 can reach in the range of tens
to hundreds of micromolar within nanodomains, and in the
range of low micromolar within microdomains (Neher,
1998). Therefore, it is theoretically possible for axonemes of
intact sperm to encounter free Ca2 concentrations at the
micromolar range. Our results showed that sperm behaved
similarly when they were reactivated with Ca2 from 400
nM to 100 M. Ca2 induced increase of the principal bend
only up to about 400 nM; increases above this concentra-
tion had no additional effect until 1 mM. There, sperm were
immobilized by Ca2 and most flagella were arrested in a
single curve, similar to that of sea urchin sperm reactivated
with 100 M Ca2 (Gibbons and Gibbons, 1980).
In contrast to our results with bull sperm, Ca2 was
observed to produce asymmetrical bending in sea urchin
sperm by dampening bending on one side of the tail (Bannai
et al., 2000). This phenomenon was observed at 105 M Ca2
on sperm tethered by head and forced to beat by imposed
external vibration. However, Brokaw (1979) observed major
increases in the principal bends of demembranated, reacti-
vated sea urchin sperm when increased Ca2 was added,
accompanied by minor decreases in the reverse bends.
A deeper bend was developed when ATP was increased.
This was observed in sperm reactivated in both low (50 nM)
and high (1 M) Ca2. Demembranated sperm were all
reactivated in solutions containing 1 M free Ca2 to ensure
asymmetrical bends could ensue when ATP was added.
Asymmetrical beating that was not typical of hyperactiva-
tion was seen when ATP was low (0.5–1 mM); although
sperm were beating asymmetrically, only low amplitude
(high FCR) beats were observed. Therefore, increased ATP
is required for hyperactivation. Mammalian sperm are
known to have a high ATP reserve, about 15 mM in rat
sperm (Jeulin and Soufir, 1992). Thus, the extra ATP may be
present already, and an increase in Ca2 alone could switch
on hyperactivation in intact sperm.
The flagellar beat frequency decreased when ATP was
increased; however, curvilinear velocity, which provides a
combined measurement of forward and side-to-side move-
ment of the base of the flagellum, increased significantly.
This indicates that the flagellum was driving the head to
move faster through space, most likely via increased micro-
tubular sliding. The decrease in beat frequency probably
resulted from the increased distance required for flagellar
elements to form the highly acute bend of hyperactivation
and then return to the starting position. Although ATP was
shown to increase beat frequency in reactivated ram sperm
(Ishijima and Witman, 1987), those sperm were not reacti-
vated to swim in the acute bending patterns of hyperacti-
vation. Intact hyperactivated sperm generally show a de-
crease in beat frequency (Robertson et al., 1988; Young and
Bodt, 1994).
There have been conflicting reports on the effect of cAMP
on the motility of demembranated ejaculated sperm. Cyclic
AMP was reported to enhance the percent motility and beat
frequency of aged and metabolically inhibited bull sperm
(Lindemann, 1978) and to increase the frequency and am-
plitude of the flagellar beat in dog sperm that were at least
4 h old (Tash et al., 1984). No effects of cAMP were
FIG. 9. Effect of pH on sperm motility. Sperm were reactivated in
1 M Ca2, 2 mM ATP, and 20 M cAMP at different pH levels. (A)
No sperm were reactivated to beat at pH below 7.0 or above 10.0.
The best reactivation occurred at pH 7.0–8.5, at which sperm were
not only highly active, but also showed beating patterns similar to
intact sperm. Different letters indicate significant differences be-
tween treatments (P  0.05). (B) FCR depended on pH: increasing
pH produced more acute flagellar bends (P  0.001). (C) Frequency
was not dependent on pH (P  0.92).
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observed when demembranated sperm were prepared from
fresh, highly motile rabbit, ram, or human sperm (de
Lamirande et al., 1983; Ishijima and Witman, 1987; Wil-
liams and Ford, 2001). San Agustin and Witman (1994)
provided evidence that cAMP has no effect on the reactiva-
tion of sperm prepared from samples kept under conditions
expected to maintain high intracellular ATP levels. Reacti-
vation of demembranated sperm was strongly dependent
upon cAMP when ram sperm were prepared from samples
that had been stored or treated in a manner that would be
expected to lower their intracellular ATP stores. Presum-
ably, decreased intracellular ATP results in decreased intra-
cellular cAMP or cAMP-dependent phosphorylation, so
that sperm are no longer able to sustain cAMP-dependent
phosphorylation critical to motility. The ejaculated sperm
that are highly motile before demembranation probably
exhibit high levels of reactivation in the absence of cAMP
because the critical sites are already phosphorylated. These
sites may turn over slowly, so that the requirement for
cAMP becomes manifest only under conditions where the
mature sperm are deprived of nucleotides for extended
periods (San Agustin and Witman, 1994).
Because it is essential to begin with highly motile sperm
in order to obtain a high percentage of reactivation,
swim-up procedures were used in this study to obtain
sperm samples with motility more than 90%. In our experi-
ments, no cAMP was needed for reactivation. In addition,
sperm reactivated with 1 M free Ca2 and 2 mM ATP
showed characteristically hyperactivated patterns, regard-
less of cAMP concentrations. Neither FCR nor frequency
showed any dependence on cAMP. Thus, while cAMP is
required for motility in general; it is not involved in
switching on hyperactivation in the axoneme.
An alkaline environment has been used in most experi-
ments involving demembranated, reactivated sperm (Linde-
mann, 1978, pH 7.9; Brokaw, 1979, pH 8.2; Ishijima and
Witman, 1991, pH 7.9) to optimize motility based on the
activity range of the dynein ATPases. The reactivation level
and beat frequency of demembranated human sperm as a
function of ATP and Ca2 are strongly dependent on pH
(Giroux-Widemann et al., 1991; Keskes et al., 1998). How-
ever, pH dependency was lost in human sperm lacking
outer dynein arms (Keskes et al., 1998). We also found that
the reactivation level and FCR are dependent on pH in
demembranated bull sperm. It may be that the outer dynein
arms perform pH-dependent functions on axonemes and
become engaged to produce the deeper bends of hyperacti-
vation. Nonetheless, intracellular pH of live sperm has been
reported to range from 6.3 to 7.1 (Babcock et al., 1983;
White and Aitken, 1989), which differs considerably from
the range of 7.4–8.2 reported to support good motility in
demembranated sperm. The reasons could be that: (1) sperm
are highly compartmentalized cells, so pH in the axonemal
compartment could be different from pH in the head or in
the cytoplasm peripheral to the mitochondrial sheath; or (2)
the flagellar axoneme can function normally at relatively
acidic pH in intact sperm as long as high levels of ATP are
present (Goltz et al., 1988).
In summary, we have demonstrated that: (1) Ca2 pro-
duces the asymmetry of hyperactivation by enabling bend-
ing to increase on one side of the tail, rather than by
suppressing bending on the other side, (2) hyperactivation is
switched on by increasing Ca2 from about 50 to 400 nM
(which matches the levels of free Ca2 detected in intact
sperm), (3) cAMP is not involved in switching on hyperac-
tivation at the axoneme, and (4) increased ATP is required
to increase flagellar bending and support hyperactivation.
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